Introduction
A large improvement in light emission efficiency from Si-based materials is required if fully integrated silicon optoelectronics is to become a reality in the near future. Rareearth doping of silicon has consistently attracted scientific interest as a strategy to achieve this goal, together with the exploitation of quantum confinement in silicon nanocrystals. Erbium-doping of Si is of special importance for optical communications due to the emission line at 1.54 µm. However, Er-doped bulk crystalline silicon still present unsolved problems, such as the strong temperature quenching of the Er emission [1] . A recent approach to the problem of light emission from silicon is the use of Si-nanocrystals, embedded in a matrix made of another Si-based material, as sensitizers for Er [2] [3] [4] [5] . It has been shown [3, 6] that the effective Er 3+ excitation cross section increases by more than two orders of magnitude when Si-nanocrystals are added to the SiO x matrix. In this paper, we used an hydrogenated amorphous silicon matrix where the Si nanocrystals are embedded , followed by an Er-implantation step to achieve Er-doped hydrogeneted nanocrystalline silicon (nc-Si:Er:H). Hydrogenated amorphous silicon films deposited in the same reactor were also Er-implanted (a-Si:Er:H) and studied in parallel, for comparison. Low annealing temperatures (≤300ºC) in the post-implantation step were used for dopant activation and implantation-damage recovery. This annealing temperature range was chosen because in hydrogenated silicon films atomic hydrogen starts evolving from the silicon network at temperatures close to 400ºC, leaving behind many danHydrogenated amorphous and nanocrystalline silicon thin films deposited by Hot Wire (HW) and Radio-Frequency Plasma-Enhanced (RF) Chemical Vapor Deposition were Erbium-implanted. Their pre-implantation structural properties and post-implantation optical properties were studied and correlated. After one-hour annealing at 150ºC in nitrogen atmosphere only amorphous films showed photoluminescence (PL) activity at 1.54 µm, measured at 5 K. After further annealing at 300 o C for one hour, all the samples exhibited a sharp PL peak positioned at 1.54 m, with a FWHM of ~5 nm.
Amorphous films deposited by HW originated a stronger PL peak than corresponding films deposited by RF, while in nanocrystalline films PL emission was much stronger in samples deposited by RF than by HW. Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com) gling bonds and other structural defects. These defects, in turn, will act as non-radiative recombination centres that will hinder energy transfer to the emitting centre.
Experimental
Hydrogenated amorphous and nanocrystalline silicon films were deposited by Hot Wire Chemical Vapor Deposition (HW) and Radio-Frequency Plasma-Enhanced Chemical Vapor Deposition (RF) in a UHV system with a base pressure ≤2×10 -7 Torr, on double-polished crystalline silicon substrates. During deposition, substrates were heated up to a temperature of T sub =150ºC or T sub =220ºC. For the HW-CVD samples, a single tungsten filament of 0.5 mm diameter and approximately 14 cm length, bent to a coil and placed 4 cm from the substrate, was resistively heated with an AC power supply. The filament temperature of 1950°C was measured by a two-colour digital ratio pyrometer and the pressure during deposition was kept constant at 20 mTorr. For the RF samples, the inter-electrode distance was 3 cm, the density of power was 175 mW/cm 2 and the pressure was 150 mTorr. For both methods the silane flux, F SiH4 was kept at 1 sccm and the hydrogen flux, F H2 , was varied in order to obtain the desired dilution, defined as D H = F H2 / (F H2 + F SiH4 )x100%. Details of the deposition process are given elsewhere [7] . Amorphous silicon (a-Si:H) films were deposited from pure silane and nc-Si:H films were deposited using D H = 96% and 99% for HW and RF depositions, respectively. Crystalline fraction, X C , was estimated from Raman spectroscopy [8] . Dark conductivity was measured on aluminium (Al) parallel contacts between room temperature and 100ºC, before Er implantation. Each as-deposited sample was divided into two pieces that were Er-implanted using two different beam fluences: 1x10 14 atoms/cm 2 and 5x10 15 atoms/cm 2 . The depth profile was the same in both groups of samples and was centered at ~50 nm. Rutherford Back -scattering spectroscopy (RBS) and Elastic Recoil Detection (ERD) were used for chemical composition and thickness evaluation. Photoluminescence (PL) measurements in the infrared region were performed with a Fourier-transform spectrometer. The signal was detected by a germanium detector and optical pumping was achieved using the 514.5 nm line of an Ar+ laser. Laser power was 200 mW and measurement temperature was 5K. PL measurements were performed after implantation and after each one-hour annealing treatment at 150ºC and 300ºC.
Results and discussion
From the structural point of view the as-deposited samples can be grouped, following their Raman spectra, in amorphous (S36 and S37) and nanocrystalline (S28 and S35). Figure 1 shows a typical Raman curve for each group. The broad band around 480 cm -1 is related to the amorphous silicon matrix and is present in all the samples. The presence of Si nanocrystals is visible in the Raman spectra by the relatively narrow peak in the vicinity of 520 cm -1 . This asymmetric peak is related to the transverse-longitudinal optical (TO-LO) confined phonon modes of nanocrystalline silicon. The relative weight of the amorphous and crystalline bands in the Raman spectra is commonly used in order to estimate the volume fraction of the crystalline phase, X C , through the following phenomenological relation [9 -11] :
where Ic and Ia are the integrated intensities of the bands produced by the crystalline and amorphous phases, respectively, and y is an empirical parameter of the order of unity.
Although the values of y that have been used for mixedphase silicon vary considerably, the most recent data indicate that 1< y <2 [10, 11] . We used y=1.7 [11] . The crystalline fraction obtained was X C =47% and X C =63% for samples S28 and S35, respectively. The values of dark conductivity (σ d ), that can be seen in Table I , correlate well with the structural characteristics of the films: nanocrystalline samples have conductivities ~5 orders of magnitude higher than the amorphous samples, that have σ d = 2.510 -12 Ω -1 cm -1 and 5.510 -10 Ω -1 cm -1 for the RF and HW samples, respectively. The oxygen measured by RBS, if present, was in all the samples lower than the resolution limit of the setup (<4 atom%). Figure 2 shows the near-infrared photoluminescence spectra (IR PL-spectra) of nanocrystalline films after erbium implantation in the as-implanted state and before annealing. It can be seen that none of the samples shows the Er 3+ characteristic emission at 1.54 m. However, the spectra have a very intense and narrow (FWHM ~1.5 nm) peak at approximately 1.57 m. Since this peak was not found in amorphous samples (not shown) it must be concluded that Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)
it is the result of interactions between Er-ions and Sinanocrystals.
In general, the intensity of this peak (1.57 m) decreases as the 1.54 µm peak increases with the annealing treatment [see Fig.3 (a) ]. It may be interesting to note that this peak, which only appears in the nanocrystalline samples, is stronger in HW-as-implanted samples than in RF-ones (see Figure 2 ). However, in HW samples it quickly disappears upon annealing and in RF-samples the peak first increases upon annealing at 150ºC, disappearing only after annealing at higher temperature [see Fig.3 (a) ]. Figure 3 shows the photoluminescence spectra of the films after annealing at 150ºC (inset) and 300 o C, for nanocrystalline [ Fig.3 (a) ] and amorphous [ Fig.3 (b) ] samples. The spectra of all the samples after annealing at 300 o C are characterized by a peak around 1.54 m which is the signature of the Er 3+ emission centres. However, in ncSi:Er:H films [ Fig.3 (a) ] this peak only appears after annealing at 300 o C. In contrast, a-Si:Er:H films [ Fig.3 (b) ] exhibit a small 1.54 m emission peak immediately after the annealing step at 150 o C. No difference in the intensity of the 1.54 m Er 3+ peak can be noticed between low-and high-implanted-dose samples. In all samples, the Er 3+ PL intensity increases by several orders of magnitude after the annealing treatment at 300ºC. Since annealing at 300ºC cannot induce crystallization, the most important effect here should be the reduction of the number of defects (their passivation with hydrogen) and implantation-damage recovery. Consequently a reduction of the number of non-radiative pathways for recombination of electron-hole pairs occurs with annealing and so the Er 3+ PL increases. This process of network local reconstruction can also lead to the activation of the charge-transfer dopants since it is assisted by mobile light atoms (e.g. hydrogen or oxygen) in the Si network. There is evidence that maximal PL intensity from Er 3+ in silicon is mediated by oxygen [12, 13] , with the formation of ErO 3 clusters which show acceptor-like behaviour. Optimal oxygen content for this process is 10 oxygen atoms per Er atom which under the implantation doses used is still below the detection edge of the RBS technique. Comparing the Er 3+ PL intensity for samples deposited by HW and by RF it can be seen that nc-Si:Er:H films [ Fig.3  (a) ] deposited by HW produce a much weaker Er 3+ PL peak than corresponding films deposited by RF, while the opposite is true for a-Si:Er:H films [ Fig.3 (b) ], where PL emission is much stronger in samples deposited by HW than in those deposited by RF. Whichever the interaction mechanism present (dipoledipole interaction or direct electron exchange), the energy transfer to the Er 3+ ions could be mediated by the amorphous silicon matrix or by the Si nanocrystals. Since we have observed that i) the sample with the highest crystalline fraction before implantation results in the implanted one with the weakest Er 3+ PL-emission; ii) the erbium PL emission from amorphous and from nanocrystalline samples is similar; and iii) the amorphous samples show a clear Er 3+ -PL peak already when annealed at temperatures as low as 150 o C, it seems plausible that in all samples the energy transfer to Er 3+ ions is mediated by the a-Si:H matrix and not by the Si nanocrystals. Furthermore, the crystalline volume fraction of nc-Si:H films deposited by RF (47%) and by HW (63%) %) anticorrelates with the (higher) Er 3+ PL peak in the RF samples when compared with the corresponding (lower) peak in the HW samples, after 300ºC annealing. Nevertheless more experiments are required, namely it is necessary to continue to anneal until higher temperatures (at least 800ºC), keeping track of any structural changes that might occur in the films after each annealing step, and correlate them with the measured PL spectrum. This will be the next step of this work. More insight into the PL features was gained analyzing the temperature effect on the Er emission. Figure 4 shows the Er 3+ photoluminescence as a function of temperature. The intensity of the erbium emission strongly decreases with increasing temperature (for temperatures higher than 250K), giving information that thermal quenching mechanisms of the Er PL are active. The PL temperature dependance was analyzed using the following fit function, which assumes a characteristic thermally activated excitation process, according to [14] :
where E 1 is the activation energy for the high temperature range and E 2 is the corresponding energy for the low temperature region. The coefficients С 1 and C 2 take into account the excitation processes of Er ions. The percentage of Er PL at room temperature (RT) compared with the PL at 5 K is quite low, approximately 4% for sample S37, 2% for S36 and 1% for S35. These results also indicate that the Er 3+ PL quenching is not related with microstructure but with hydrogen content (see Table I ), since the PL quenching is more severe in samples containing less hydrogen. This decrease on the Er 3+ PL quenching could be due to a more complete hydrogen passivation of defects (at grain boundary) that act as non-radiative recombination centers. It is well known that for the growth of good quality amorphous silicon thin films hydrogen is essential for improving their optical and electrical activity, since it will bind to silicon atoms saturating the silicon dangling bonds.
Conclusions
Hot-wire and RF-PECVD low-temperature deposition of silicon thin films with efficient light emission from implanted erbium ions at 5K was demonstrated. Er-ions are excited efficiently through energy transfer from the host after an annealing treatment at 300 o C for 1 hour. In the asimplanted samples there was no Er 3+ emission due to implantation-damage. However, the as-implanted nc-Si:Er:H films show a sharp peak around 1.57 µm which decreases Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com) and disappears as the Er-1.54 µm peak develops after each annealing step. nc-Si:Er:H films deposited by RF have stronger PLemission than those deposited by HW, while the opposite happens in a-Si:Er:H. No effect of Er implantation dose was detected in the emission spectrum within the range of implantation dose studied in this paper. Severe PL quenching was observed in all samples when measured at room temperature. PL temperature dependence study indicates that the hydrogen content plays an important role on the Er 3+ PL quenching.
